The fluorescent brightener Tinopal UNPA-GX enhanced the infectivity of a Mythimna separata nucleopolyhedrovirus (MyseNPV) in Mythimna separata (Walker) (Lepidoptera: Noctuidae) when larvae were perorally inoculated with a mixture of 1% of this brightener and occlusion bodies of MyseNPV. However, the infectivity was not enhanced when M. separata larvae were injected with a mixture of 1% Tinopal UNPA-GX and budded viruses of MyseNPV, suggesting that Tinopal UNPA-GX acts in the gut, not in the hemocoel. Peroral ingestion of Tinopal UNPA-GX resulted in a quick degradation of the midgut peritrophic membrane (PM) in M. separata larvae. Twenty-four hours after ingesting Tinopal UNPA-GX, the PM was fully regenerated. In addition, larval susceptibility to MyseNPV one day after ingesting the brightener did not differ significantly from that of larvae inoculated with the virus alone. These results suggest that Tinopal UNPA-GX facilitates the infectivity of MyseNPV by altering the structural integrity of the PM.
INTRODUCTION
One of the factors limiting the commercial use of baculoviruses as biological control agents is the high production cost. In particular, it is necessary to decrease viral dosage against insect pests with low susceptibility. Several efforts have been made to enhance the baculovirus efficacy by increasing host susceptibility with selected chemicals (Yamamoto and Tanada, 1978; Tanada, 1985; Xu and Hukuhara, 1992; . Shapiro and Robertson (1992) reported that several stilbene-derived fluorescent brighteners greatly enhanced the virulence of gypsy moth nucleopolyhedrovirus against Lymantria dispar. The effects of fluorescent brighteners are well documented for other nucleopolyhedrovirus (NPV)-host systems: Spodoptera frugiperda NPV against the homologous host (Hamm and Shapiro, 1992) ; Pseudoplusia includens NPV against the homologous host (Zou and Young, 1996) ; Choristoneura fumiferana NPV against Choristoneura occidentalis (Li and Otvos, 1999) ; and Bombyx mori NPV against the homologous host (Arakawa et al., 2000) . Dougherty et al. (1995) reported that the fluores-cent brightener Tinopal LPW had no effect on infectivity of L. dispar NPV and suggested that it altered cellular processes. However, the mode of action by which these brighteners increase viral infection has been given little attention. Washburn et al. (1998) suggested that fluorescent brighteners blocked the sloughing of infected midgut epithelial cells, which decreased larval midgut resistance and increased mortality. In addition, fluorescent brighteners alter the biosynthesis of chitin microfibrils in algae and cellulose microfibers in bacteria Herth, 1980) . Shapiro and Dougherty (1994) speculated that fluorescent brighteners damaged the chitinous peritrophic membrane (PM) of L. dispar. The PM is a noncellular inner-tube-like lining of the insect midgut that consists of chitin microfibrils associated with proteins, glycoproteins, and proteoglycans. This semipermeable membrane regulates the passage of molecules between the midgut epithelium and the lumen, and may serve as a barrier to pathogenic microorganisms (Peters, 1992; Lehane, 1997; Wang and Granados, 2001) . Wang and Granados (2000) recently reported that Calcofluor M2R disrupted the peritrophic membrane of Trichoplusia ni.
The rice armyworm, Mythimna separata (Walker), is an important insect pest of graminaceous crops in Japan. Several entomopathogenic viruses have been isolated from M. separata, but this insect is less susceptible to these viruses than other noctuids (Kunimi and Yamada, 1990) . The purpose of our study was to determine the mechanism of viral enhancement by fluorescent brighteners using M. separata and M. separata NPV (MyseNPV).
MATERIALS AND METHODS

Fluorescent brightener, insect and virus.
The fluorescent brightener used in this experiment was Tinopal UNPA-GX (Fluorescent Brightener 28; Sigma, St. Louis, MO).
M. separata was maintained continuously, and all experiments were conducted in our laboratory at 25°C and 50% RH with a 16-h photoperiod (L16:D8). The larvae were reared on an artificial diet as described by Hattori and Atsusawa (1980) with a minor modification with adition of sorbic acid and methyl p-hydroxybezoate.
We used a nucleopolyhedrovirus (NPV) isolate from M. separata larvae collected in the Ogasawara Islands, Tokyo, Japan (Okada, personal communication) and kindly supplied by Dr. M. Okada of the Japan Plant Protection Association. This virus was propagated in M. separata larvae and purified as described previously (Kunimi and Yamada, 1990) . The concentration of polyhedral inclusion bodies (PIBs) in the stock suspension was determined using a Thoma hemocytometer under a phase-contrast microscope. This suspension was stored at 4°C until use.
Budded viruses (BVs) of MyseNPV were prepared by collecting the hemolymph of heavily MyseNPV-infected sixth-instar larvae. The hemolymph to which 0.1% 1-phenyl-2-tiourea was added to prevent melanization, was centrifuged at 2,500ϫg for 20 min, and the supernatant was filtered through a membrane filter (0.45 mm). The concentration of this serum was denoted as 10 0 . The filtrate was stored at Ϫ80°C until use.
Food disc bioassay. MyseNPV PIBs were suspended in distilled water or in an aqueous solution of Tinopal UNPA-GX (1%(w/v)). Ten microliters of each virus solution was applied to the surface of a piece of artificial diet (7 mm diameter, 4 mm thick) in a 30 ml cup. Newly molted fourth-instar larvae were individually placed in these cups and allowed to feed on the treated diet pieces for 72 h. After this period, the larvae were placed on fresh artificial diet and reared individually until death or pupation. The concentrations used in these bioassays were 10 2 , 10 2.5 , 10 3 , 10 3.5 , and 10 4 PIBs/ml, and 10 4 , 10 4.5 , 10 5 , 10 5.5 , 10 6 , 10 6.5 , 10 7 , 10 7.5 , 10 8 , and 10 8.5 PIBs/ml, with and without brightener, respectively. Control larvae were fed diet pieces treated with 1% Tinopal UNPA-GX or sterile distilled water. Experiments were replicated twice with 33-36 larvae per treatment. Mortality was recorded daily until day 16 after inoculation. Tissue smears were prepared from dead larvae and examined for the presence of PIBs under a phase-contrast microscope.
Droplet-feeding bioassay. Larvae were bioassayed using a modified droplet feeding method (Hughes and Wood, 1981; Hughes et al., 1986) . Third and fifth instar larvae beginning to molt, as determined by head capsule slippage, were transferred to plastic containers without food, and after 24 h the newly molted larvae were collected. Each newly molted larva was infected by feeding 1 ml (fourth instar), 30 ml (sixth instar without Tinopal UNPA-GX), and 10 ml (sixth instar with Tinopal UNPA-GX) of a PIB suspension containing 10% sucrose (w/v) and 1% red food coloring (w/v, Kyoritu Food Co. Ltd., Tokyo). Larvae that completely ingested the droplet of suspension were individually transferred to 30 ml cups containing fresh artificial diet. The PIB concentrations used in the experiments were 10 2 , 10 2.5 , 10 3 , 10 3.5 , and 10 4 PIBs/ml for the fourth-instar bioassay with Tinopal UNPA-GX; 10 5 , 10 5.5 , 10 6 , 10 6.5 , 10 7 , 10 7.5 , 10 8 , and 10 8.5 PIBs/ml for the fourth-instar bioassay without Tinopal UNPA-GX. Sixth instar larvae were bioassayed with 10 3.5 , 10 4 , 10 4.5 , 10 5 , 10 5.5 , 10 6 , 10 6.5 , and 10 7 PIBs/ml with Tinopal UNPA-GX; and 10 7 , 10 7.5 , 10 8 , 10 8.5 , and 10 9 PIBs/ml without Tinopal UNPA-GX. Experiments were replicated twice with 16-45 larvae per treatment. Larvae were reared and were observed daily for mortality until day 9 (fourth instar) and day 25 (sixth instar) after being inoculated. Tissue smears were prepared from dead larvae and examined for the presence of PIBs under a phase-contrast microscope.
Sequential infection. Bioassays were conducted using the droplet-feeding method as described above. Newly molted fourth-instar larvae (L4D0) were fed 1 ml droplets of distilled water containing 10% sucrose and 1% red food coloring either or not containing 1% Tinopal UNPA-GX. Larvae that completely ingested the supplied droplet were individually transferred to 30 ml cups with fresh artificial diet and reared for 24 h. One day after pre-inoculation, each fourth-instar larva (L4D1) was infected by feeding on a 1 ml droplet of PIB suspension containing 10% sucrose and 1% red food coloring with or without Tinopal UNPA-GX. Larvae that ingested the complete droplet were individually transferred to 30 ml cups containing fresh artificial diet and reared until death or pupation. The PIB concentrations used in the experiments were 10 2 , 10 2.5 , 10 3 , 10 3.5 , and 10 4 PIBs/ml, and 10 6 , 10 6.5 , 10 7 , 10 7.5 , and 10 8 PIBs/ml for the bioassay with and without Tinopal UNPA-GX, respectively. Experiments were replicated twice with 22-35 larvae per treatment. Mortality was recorded daily until 13 days after inoculation. Tissue smears were prepared from dead larvae and examined for the presence of PIBs under a phase-contrast microscope.
Injection test. Newly molted sixth-instar larvae were etherized by diethylether and injected with 10 ml of 0.85% NaCl (pH 7.0) solution with or without 1% Tinopal UNPA-GX using a 50-ml microsyringe. Immediately after these injections, the larvae were injected with 10 ml of 10 Ϫ1.5 , 10 Ϫ2 , 10 Ϫ2.5 , 10 Ϫ3 , 10 Ϫ3.5 , or 10 Ϫ4 dilution of the BV solution. After injection, larvae were individually transferred to 30 ml cups containing fresh artificial diet and reared until death or pupation. Control larvae were injected with 10 ml of 0.85% NaCl. Experiments were replicated twice with 20-30 larvae per treatment. Mortality was recorded daily until day 14 after injection. Tissue smears were prepared from dead larvae and examined for the presence of PIBs under a phase-contrast microscope.
Observation of the peritrophic membrane. Newly molted fourth-instar larvae were given 1 ml of 1% Tinopal UNPA-GX in 10% sucrose and 1% red food coloring using the droplet-feeding method. Larvae fed with droplets of distilled water containing 10% sucrose and 1% red food coloring were included as controls. The larvae were individually transferred to 30 ml cups containing fresh artificial diet and were incubated at 25°C until dissection. One half hour, 1, 2, 6, and 24 h after ingestion, larvae were dissected in a Petri dish with phosphate buffered saline (pH 7.4), and the midgut epithelium was carefully opened to examine the PM enclosing the gut contents in the lumen. To determine the binding activity of the brightener to the PM, PMs were exposed to ultraviolet light to observe the blue radiation of the brightener.
Data analysis. Mortality data were analyzed by probit analysis (Finney, 1978) using the microcomputer program POLO-PC (Russell et al., 1977) .
RESULTS
Effect of Tinopal UNPA-GX on oral susceptibility to MyseNPV using the food disc method
Tinopal UNPA-GX had no apparent effect on M. separata larvae when administered orally. All M. separata larvae pupated when 1% Tinopal UNPA-GX was administered orally (data not shown). Addition of Tinopal UNPA-GX reduced the LC 50 values from 5.9ϫ10 6 to 1.5ϫ10 3 PIBs/ml (3,900 fold) in the first experiment, and from 4.0ϫ10 6 to 1.4ϫ 10 3 PIBs/ml (2,900 fold) in the second experiment (Table 1) . Virus with Tinopal UNPA-GX showed steeper slopes in the log 10 probit mortality lines than virus alone.
Effect of Tinopal UNPA-GX on oral susceptibility to MyseNPV using the droplet-feeding method
Addition of Tinopal UNPA-GX reduced the LD 50 values from 1.6ϫ10 4 to 1.9ϫ10 0 PIBs/larva (8,400 fold) in the first bioassay, and from 1.3ϫ10 4 to 4.8ϫ10 0 PIBs/larva (2,700 fold) in the second bioassay with fourth-instar larvae ( Table 2 ). The addition of Tinopal UNPA-GX also reduced the LD 50 values from 3.6ϫ10 6 to 6.1ϫ10 4 PIBs/larva (59 fold) in the first bioassay, and 3.6ϫ10 6 to 1.9ϫ 10 5 PIBs/larva (19 fold) in the second bioassay with sixth-instar larvae ( Table 2) .
Effect of Tinopal UNPA-GX on susceptibility to MyseNPV with injection
Tinopal UNPA-GX was not toxic to larvae when injected alone at a 1% concentration. All mortality of MyseNPV-infected larvae occurred in the larval period. The addition of Tinopal UNPA-GX increased the LC 50 values 2.9 fold in the first experiment and decreased these values 1.8 fold in the second experiment (Table 3 ). The log-dose-probit lines in the second experiment were not significantly different between virus alone and virus with Tinopal UNPA-GX (pϾ0.05). Thus, Tinopal UNPA-GX did not enhance the activity of MyseNPV. 
Effect of the timing of Tinopal UNPA-GX treatment on oral susceptibility to MyseNPV
In newly molted fourth-instar larvae that were given 1% Tinopal UNPA-GX and then infected with MyseNPV one day after treatment ("ϩ" at L4D0 and "Ϫ" at L4D1 in Table 4 ), the susceptibility to MyseNPV was not significantly different from larvae that were not given 1% Tinopal UNPA-GX ("Ϫ" and "Ϫ") (pϾ0.05). On the other hand, the addition of Tinopal UNPA-GX one day after molting to the fourth instar larvae ("Ϫ" and "ϩ") reduced the LD 50 values 12,500 to 29,333 fold ( Table 4 ). Susceptibilities of larvae that were given 1% Tinopal UNPA-GX immediately after the fourth molting and one day after molting to the fourth instar ("ϩ" and "ϩ") were not significantly different from those of larvae that were only given 1% Tinopal UNPA-GX one day after molting to the fourth instar ("Ϫ" and "ϩ") (pϾ0.05).
Morphology of peritrophic membrane in larvae fed 1% Tinopal UNPA-GX
The PMs from control larvae maintained integrity, enclosed the gut contents in the midgut (Fig. 1A, C , E, G, I) and showed no blue radiation when exposed to ultraviolet light ( Fig. 2A, C, E, G,  I) . The PMs from larvae given 1 ml droplets of 1% Tinopal UNPA-GX were disrupted and the gut con-tents dispersed 0.5, 1, and 2 h after ingestion (Fig.  1B, D, F) . These PMs showed blue radiation of the brightener when exposed to ultraviolet light (Fig.  2B, D, F) . Six hours after ingestion, almost all of the PM was recovered and enclosed the gut contents ( Fig. 1H ), but the posterior part of the PM showed blue radiation of the brightener (Fig. 2H) . Twenty-four hours after ingestion, the PMs mostly were regenerated ( Fig. 1J ) and no blue radiation was observed in the PM (Fig. 2J ).
DISCUSSION
In this study, we demonstrated that Tinopal UNPA-GX, a stilbene-derived fluorescent brightener, increased the susceptibility of M. separata to MyseNPV when larvae were orally inoculated with a mixture of MyseNPV and 1% Tinopal UNPA-GX at the same time. The enhancing activity of stilbene-derived fluorescent brighteners to viral infection in lepidopteran insects was often found in bioassays using the food disc method where larvae were exposed to the chemicals for a long time (Ͼ24 h) (Shapiro and Robertson, 1992; Shapiro and Vaughn, 1995; Vail et al., 1996; Fuxa and Richter, 1998 ). In our droplet-feeding method, where larvae were exposed to MyseNPV and Tinopal UNPA-GX over a short period (Ͻ1 min), the addition of Tinopal UNPA-GX enhanced viral activity over 2,000-fold. This value was comparable to the food disc method. These results suggest that stilbene-derived fluorescent brighteners require only a short time in the gut of host insects to produce enhancing activity.
Although Tinopal UNPA-GX enhanced viral activity in fourth-and sixth-instar larvae, the activity ratios of fourth-instar larvae were significantly higher than those of sixth-instar larvae ( Table 2 ), suggesting that the enhancing activity of Tinopal UNPA-GX depends on the larval stage in which the virus and Tinopal UNPA-GX are inoculated. On the other hand, Tinopal UNPA-GX showed no enhancement when larvae were injected with the virus and Tinopal UNPA-GX (Table 3 ). In L. dispar, if either the brightener or the virus is injected or both are injected, no enhancement occurs (Shapiro and Dougherty, 1993) . These results suggest that Tinopal UNPA-GX acts in the gut, not in the hemocoel.
Our results showed that the peritrophic membranes of larvae that ingested 1 ml droplets of 1% Tinopal UNPA-GX were disrupted and emitted the blue fluorescence of the brightener when exposed to ultraviolet light 0.5, 1, and 2 h after ingestion ( Figs. 1 and 2) . At 24 h after ingestion, the PM had recovered and once again enclosed the gut contents. In addition, larval susceptibility to MyseNPV one day after ingestion of Tinopal UNPA-GX did not differ from that of larvae inoculated with the virus alone (Table 4 ), suggesting that this is due to the recovery of the PM. Wang and Granados (2000) reported the PMs of T. ni fully regenerated within 2 h after treatment with a brightener, Calcofluor White M2R, and the susceptibility to NPV returned to the control level within 4 h. In most insects, the gut is lined by the PM, which is composed of a semipermeable matrix. The PM is intimately associated with digestive processes in the midgut, and acts as a protective barrier between gut contents and the midgut epithelium. The PM plays an important role in defense against invading viruses, bacteria, and parasites (Tellam, 1996) . Thus, the mode of action of viral enhancement by Tinopal UNPA-GX may involve alteration of PM permeability, which allows a great number of MyseNPV virion to reach the target columnar cells, thereby significantly increasing susceptibility to viral infection.
Fluorescent brighteners are used commercially to whiten textiles and paper, and have been used to stain cell wall materials in fungi, algae, and higher plants (Darken, 1961; Harrington and Raper, 1968; Nagata and Takebe, 1970; Peberdy and Buckley, 1973; Herth and Schnepf, 1980) . Fluorescent brighteners bind to polysaccharides with a b-configuration (Maeda and Ishida, 1967) and exhibit a particularly high affinity for cellulose and chitin Herth, 1980) . In Acetobacter xylinum, fluorescent brighteners bind to nascent microfibers of cellulose and alter cellulose crystallization by hydrogen bonding with glucan chains that are prevented from forming microfibrils, seriously disrupting their assembly Haigler et al., 1980) . Incubation of Saccharomyces cerevisiae cells in the presence of a fluorescent brightener did not inhibit protein synthesis, but abnormal deposition of chitin occurred (Elorza et al., 1983) . In addition, the fluorescent brightener greatly disturbed chitin biogenesis in vitro (Bartnicki-Garcia et al., 1994) . The PMs are primarily composed of chitin, proteins, and proteoglycans (Tellam, 1996) . In T. ni larvae, insect intestinal mucins, the major PM proteins, can be dissociated from the PM in vitro by a brightener, and the brightener inhibited PM formation in vivo in several lepidopterans (Wang and Granados, 2000) . It has been suggested that Tinopal UNPA-GX binds to the chitin constructing the PMs and prevents crystallization of the chitin fibers. Further studies are necessary to confirm this hypothesis.
